Abstract: Mothers are often the most important determinant of traits expressed by their offspring. 34
INTRODUCTION 54
Maternal effects occur when the genotypes or phenotypes of mothers have some causal 55 influence on traits expressed by their offspring (WOLF and WADE 2009 ). These effects can 56 generally be viewed as resulting from the influence of the maternally-provided environment (e.g., 57
uterine environment, features of eggs or seed composition etc.) on offspring development, where 58 some feature of the environment experienced by the offspring is generated by the mother through 59
her behavior or expression of physiological traits. This is in contrast to maternal inheritance, such 60 as mtDNA or cpDNA, where factors are inherited from the mother but act causally directly in the 61 offspring WOLF and WADE 2009 ). Because of the important role of 62 all pups). Half litters were reciprocally cross-fostered at random between pairs of females that gave 158 birth on the same day. Cross-fostered pups were permanently distinguished from resident pups by 159 their toe-mark pattern. In this study we limit our focus to those mice that were cross fostered: 611 160 F 3 individuals from 168 families. Litter sizes and mortality rates in this focal population are very 161 close to those of the entire F 3 population (which includes both cross-and non-cross fostered pups), 162
indicating that cross-fostering did not result in increased mortality. Furthermore, a comparable 163 level of mortality (average of 0.5 pups/litter) was seen in the intact litters where there was no cross 164 fostering manipulation. Pups were weaned at 21 days of age and randomly housed with three or 165 four other same-sex individuals. 166
167
Phenotypes 168
Animals were weighed weekly from one to ten weeks of age using a digital scale with an 169 accuracy of 0.1g. To understand the influence of maternal effects on pre-weaning growth, we 170 included growth traits calculated as the difference in weight from week 1 to 3 (pre-weaning 171 growth), as well as the separate phases of growth from week 1 to 2 and week 2 to 3. All weight 172 traits and growth traits were normally distributed (testing either using sex-adjusted values or those 173 in the separate sexes). Patterns of growth in the LG/J and SM/J strains are shown in (HAGER et al. 174 2009). Mean body weights in males, females and the whole population (with standard errors) are 175 provided in Supplementary Figure 1 . 176
Prior to fitting the genetic models (see below) variation associated with sex, the effects of 177 litter size at birth and weaning and cohort were removed in a linear model as described by KRAMER 178 et al. (1998) . Analyses were also done using the raw phenotypic data with these terms (sex, litter 179 size at birth, litter size at weaning and cohort) included as either fixed or random effects and the 180 results are essentially identical to those based on these corrected trait values. Therefore, we present 181 results based on these 'corrected' phenotypes in order to maintain consistency with previous 182 analyses in this same population (e.g., HAGER et al. 2008a; HAGER et al. 2009; VAUGHN et al. 1999; 183 WOLF et al. 2008) . 184
To examine the sources of variation in these weight traits through time, we fitted a mixed 185 model using restricted maximum likelihood in the Mixed Procedure of SAS (SAS version 9.1; SAS 186
Institute, Cary, NC, USA), with dam and nurse included as random effects. The dam variance 187 component estimate includes all genetic and environmental variation shared by siblings (e.g., direct 188 genetic effects, prenatal maternal effects). The nurse variance component includes postnatal 189 maternal effects and other shared postnatal environmental effects (e.g., common cage effects). here. All F 2 and F 3 individuals were genotyped at 353 autosomal loci using the Illumina Gate assay, with an average map distance between markers in the F 2 generation of 4 centiMorgans. 200
A list of the markers with their physical and map positions are given in Supplementary Table 1.  201 The genotype data from parents and offspring were used to reconstruct chromosomal 202 haplotypes. Haplotype reconstruction was done using the 'integer linear programming' algorithm 203 
QTL analysis 210
To fit a linear model at each locus we assigned a set of index values to the genotypes. In the 211 allele specified coming from the father and the second from the mother). To distinguish the 219 genotypes of the F 3 individuals from their F 2 mother and nurse, we include 'M' and 'N' subscripts 220 for the mother and nurse, respectively, in the index values and associated genetic effect terms (see 221 below). 222
These genotypic index values were used in a linear mixed model, with the F 3 phenotypes as 223 the dependent variables, to simultaneously fit the direct effects of the F 3 genotypes on their own 224 phenotypes, the prenatal maternal effects of the F 2 mothers on their own offspring (hereafter the 225 'dam' effect, but subscripted M for 'mother' to avoid confusion with dominance) and the postnatal 226 maternal effects of the F 2 nurses on their foster pups (hereafter the 'nurse' effect). Although these 227 are referred to as 'dam' and 'nurse' effects in the presentation of the analysis, we discuss them as 228 prenatal and postnatal effects for clarity when presenting and discussing results. where P jkl(xyz) is the phenotypic value of individual j with genotype x that has a mother (dam) k with 237 genotype y and a nurse l with genotype z and r j is the residual from the model for individual j. The 238 first three lines, correspond to the fixed effects of the offspring genotype (line 1), dam genotype 239 (line 2) and nurse genotype (line 3) at the focal locus, respectively (i.e., they are the genotypes of 240 the three individuals, but all at the locus being tested). The last line gives the random effects of the 241 dam and nurse not associated with the genotypes at the locus in question. These random effects 242 account for common environmental effects (e.g., common cage effects) and genetic effects at other 243 loci (i.e., other polygenic effects). These random effects are shared by sets of siblings or littermates, 244 and so they inflate the apparent significance of genetic effects and reduce power when they are not 245 accounted for because individuals with correlated genotypes have correlated phenotypes (LYNCH 246 and WALSH 1998; WOLF et al. 2008) . Note that litter sizes at birth and weaning, which were not 247 included in the linear model because variation associated with them was removed prior to model 248 fitting (see above), could potentially be influenced by the dam or nurse genotype in a cross-249 fostering pair. Therefore, it is possible that genetic effects on litter size at birth or weaning could be 250 the causal origin of maternal effects on offspring phenotypes. However, when we allowed for this 251 possibility in analyses by using trait values that were not corrected for litter size differences and 252 including litter size as a random effect, we found no evidence that litter size effects produced 253 maternal genetic effects on any of the traits we examined. This is not surprising given that a 254 variance component analysis of litter size in this population finds only a very small, non-statistically 255 significant heritability, and searches for main effect litter size QTL in this population only identified 256 two marginally significant loci with minor effects (PERIPATO et al. 2004) . 257
The estimated direct additive effects correspond to the classic definition of additive 258 genotypic values (FALCONER and MACKAY 1996) Because weights change through time, the model also included week as a fixed effect to account for 296 the change in weight across weeks within a growth period. Denominator degrees of freedom were 297 determined using the Kenward-Roger approximation, which is similar to the Sattherthwaite method 298 used in the univariate models, but is preferred for repeated measures designs (KENWARD and ROGER 299 1997; SCHAALJE et al. 2001 ) 300 QTL were first located using the LPR values from these multivariate models, with the 301 highest LPR score on any chromosome that exceeded an appropriate threshold value (see below) 302 taken to be evidence of a QTL on that chromosome. Confidence intervals were defined as a drop of 303 one LPR, which is approximately equal to the commonly-used one LOD drop (LYNCH and WALSH 304 1998), using the multivariate trait set that was most strongly affected by the locus. Maternal effect 305 QTL are designated as meQTLX.Y, where X is the chromosome number and Y is the locus number 306 on that chromosome (to distinguish between multiple QTL on a chromosome). 307
When multiple (in all cases, two) QTL peaks were found on the same chromosome, we ran 308 models containing all pair-wise combinations of markers on the same chromosome. This scan was 309 then used to establish whether there was support for two independent locations. We By simulating the intercross using the actual pedigree information, the pattern of genotypic 327 variation and the genetic relationship between individuals within and between generations matches 328 that of the real genotypes, but any causal association between genotype and phenotype is absent by 329 design. From the simulation we derived a set of 20,000 independent (uncorrelated) marker loci. 330
Using these simulated marker data we first examined the null model with no QTL effects to define 331 significance thresholds. We then simulated QTL effects to examine the power and performance of 332 the linear mixed model. 333
The simulation under the null model demonstrated that the significance tests of direct effects 334 conform to those predicted. For tests involving maternal effect terms, the distribution of 335 probabilities is correct when using the denominator degrees of freedom determined by the 336 For the maternal effect significance tests, the number of denominator degrees of freedom would be 349 based on the number of dams or nurses (of both of which there are 171). 350
We simulated QTL by modifying the real phenotypic value for an individual based on the 351 simulated genotype of the individual (WOLF et al. 2008) . Using these simulated QTL we tested 352 whether the model was able to detect these effects and whether it correctly identified the origin of 353 the effect. The latter is summarized as the power of the tests (see below). Direct, dam and nurse 354 additive and dominance effects of QTL were simulated to account for 1, 2, 5, and 10% of the total 355 phenotypic variance (V p ). We found that the mixed model accurately assigned the origin of the 356 effects and that the presence of one type of effect (direct or maternal) had no influence on the 357 significance test for other effects. For example, when simulating the occurrence of an additive dam 358 effect accounting for 2% of the variance, we found that the significance values for all other terms in 359 the model were unchanged from those under the null model. The overall results are summarized in 360 the power analyses presented in Supplementary Table 3 . We found that there is lower power to 361 detect maternal effect loci compared to direct effect loci because of the difference in effective 362 sample size. For example, we have 75% power to detect an additive direct effect accounting for 2% 363 of the variance using a chromosome-wise threshold and 26.5% power to detect a comparable 364 additive postnatal maternal effect. The difference in power declines as the effect size increases 365 because power is measured as a percentage. For example, we have essentially 100% power to 366 detect an additive effect accounting for 5% of the variance and 75% power to detect an additive 367 postnatal maternal effect of this size. Overall, there is considerable power to detect all types of 368 effects, especially those that account for more than 2% of the phenotypic variance, with all power 369 values >20% for maternal effects tests. Furthermore, the power to detect maternal effects is in line 370
with the values expected for direct effects given the difference in effective sample size (HU and XU 371 2008). The power analysis results suggest that there is slightly more power to detect prenatal 372 effects showing dominance than additive effects (e.g., 60% power to detect an additive effect that 373 accounts for 5% of the variance and 72% power to detect a comparable dominance effect). There 374 also appears to be more power to detect postnatal effects compared to prenatal effects but the power 375 to detect postnatal effects is the same whether it is a dominance or additive effect. Both of these 376 results are obtained because there is no correlation between nurse and offspring genotypes while 377 dam and offspring genotypes are correlated. For example, there is 75% power to detect an additive 378 nurse effect, 74% power to detect a dominance nurse effect but 60% to detect an additive maternal 379 effect accounting for 5% of the variance. 380 381
Significance thresholds 382
The thresholds for direct and maternal effects were determined based on the number of tests 383 in a Bonferroni correction for family-wise error using the Šidák equation: 1 -0.95 1/n , where n is the 384 number of tests in the 'family' of tests. To determine the number of independent tests we used the 385 method of LI and JI (2005; see also CHEVERUD 2001) to estimate the effective number of 386 independent tests (markers) on each chromosome and over all chromosomes (i.e., genome-wise). 387
Because more recombination events have accumulated in the F 3 generation compared to the F 2 , the 388 number of independent tests is lower for the maternal effect tests compared to the direct effect tests. 389
We used the effective number of markers (M eff ) to generate genome-wise and chromosome-wise 390 thresholds in the Šidák equation. Chromosome-wise thresholds are used because they have been 391
shown to increase the discovery of true positives while avoiding a significant incidence of false 392 positives (CHEN and STOREY 2006) . Because mice have 19 autosomes, we would expect only about 393 one false positive test using the chromosome-wise thresholds per trait. This is an acceptable error 394 rate given that we generally find several QTL for our focal traits indicating that most identified 395 QTL are likely to be true positives, with the possibility that the set includes a single false positive. 396
Significance thresholds are given in Supplementary Table 2 . Once a maternal effect QTL was 397 identified, we used the single test (pointwise) thresholds (i.e., a LPR significance threshold of 1.3) 398 to determine which individual effects were significant at that locus. 399
400

RESULTS
401
The dam and nurse variances generated by the variance partitioning analysis are shown in 402
Supplementary Figure 2 , where dam is the same as 'family' in this analysis, rather than 403 corresponding solely to prenatal maternal effects. It can be clearly seen that nurse effects peak at 404 week 2, where they account for ca. 35% of the variance, and rapidly decline to less than 5% by 405 week 6. In contrast, the dam variance starts high (ca. 32% at week 1), slowly increases to a peak of 406 ca. 45% at week 6 and then declines slightly to asymptote at just over 40% of the variance. 407
The QTL mapping analysis identified 13 loci showing maternal effects. Most of these loci 408 (12 of 13) show prenatal (uterine) effects (Table 1) , with 6 of 13 showing postnatal maternal effects 409 (Table 2) . Five loci show evidence of both a pre-and a postnatal effect (meQTL2.1, meQTL2.2, 410 meQTL7.1, meQTL11.1, and meQTL17.1). Nearly all loci (12 of 13) also show some evidence of 411 direct effects (Table 3) , though all but three of these loci (meQTL6.1, meQTL7.1, and meQTL11.1 Overall, maternal effects (pre-and postnatal together) account for the most variance in body 419 weight at weeks 3 and 4, with the proportion declining rapidly from week 4 to 5, after which is 420 declines slowly (Figure 1 ). This contrasts with the pattern of direct effects (see Figure 1) , where the 421 proportion of variance explained by direct effects increases steadily from week 1 to week 6 at which 422 time it plateaus. 423
For most prenatal maternal effect loci, the temporal patterns are highly variable, with some 424 loci having stronger effects early in life (e.g., meQTL2.1, meQTL15.1), while others have stronger 425 effects later in life (e.g., meQTL1.1). The overall trend of effects, as reflected in the proportion of 426 variance explained by the loci, shows that the variance explained by prenatal (dam) effects is 427 highest for week 3 and 4 weights (R 2 = 33.6% and 36.4% respectively) and remains above 20% 428 through week 7. Interestingly, prenatal maternal effects continue to explain a large proportion of 429 variation in body weight into adulthood (after week 7), where the proportion asymptotes to values 430 between around 15 to 17% of the variance (see Table 1 , Figure 2) . 431
For two of the six postnatal maternal effect loci the effects are largely restricted to pre-432 weaning or just after weaning, and effects generally decline after weaning (Table 2 ). This can be 433 seen in the proportion of variance explained, which peaks around weaning (R 2 = 16.2% at week 3 434 and 16.6% at week 4) and declines to low levels by week 10 (R 2 = 7.5%). Postnatal maternal 435 effects explain a lower proportion of phenotypic variation than prenatal effects for all ages (Figure  436 2). 437 Dominance prenatal maternal effects generally contribute more variation to body weight 438 through week 4 than do additive prenatal maternal effects, while the reverse is true of later body 439 weights ( Figure 3a) . As a result, by week 6 dominance prenatal effects are relatively minor while 440 additive prenatal effects continue to explain a large proportion of phenotypic variation. The 441 expected net effect of these additive prenatal maternal effects to the difference between the SM/J 442 and LG/J lines (i.e., twice the sum of additive effects) is positive for all weights after weaning, with 443 prenatal maternal effects contributing as much as a 1.8 standard deviation difference in weight 444 between the homozygotes at week 10 (see Supplementary Table 4 previous work by using an experimental population that provides a genome-wide view of maternal 494 effects, and by using experimental cross-fostering, we are able to develop a novel approach that 495 differentiates prenatal from postnatal effects. 496
Our analysis identified a total of thirteen maternal effect QTL (meQTL) affecting body 497 weight and weight gain. Most of these loci (12/13) have prenatal effects (Table 1) , with nearly half 498 (6/13) having postnatal effects (Table 2) . Five loci showed both pre-and postnatal effects, 499
suggesting that the genetic architecture of postnatal effects may be tied to that of prenatal effects, 500 which is perhaps surprising given that they are likely to arise from very different origins (e.g., 501
uterine environment versus nest environment). Overall, these maternal genetic effects account for 502 more variance than direct genetic effects for weight through the first five weeks of age (based on 503 direct effects data from HAGER et al. 2009) being nearly equal at six weeks after which direct 504 genetic effects account for more variance in the remaining weeks (Figure 1 ). Most loci showed 505 evidence of some direct effect in addition to a maternal effect, though the evidence for the direct 506 effect was often weak in that effects were often small and temporally limited. The co-occurrence of 507 direct and maternal effects is perhaps not surprising given that maternal effects may be associated 508 with maternal body size, either because maternal body size causes the maternal effect, or the two 509 have a shared causal origin (e.g., both are influenced by growth factors or insulin related traits). It 510 is also not surprising given that quantitative genetic studies have generally found genetic 511 correlations between direct and maternal effects (CHEVERUD 1984) . 512
One of the most striking patterns in our results is the presence of significant maternal effects 513 that persist well after weaning, including those from eight meQTL that influenced weight all the 514 way through week 10. Interestingly, most of these persistent maternal effects (5/8) are prenatal in 515 origin. This pattern is also reflected in the fact that prenatal maternal effects account for a larger 516 proportion of phenotypic variance in body weight at all ages (Figure 2 ). While postnatal effects 517 peak in importance around weaning and then gradually fade, accounting for only ca. 8% of the 518 phenotypic variance by week 10, prenatal effects peak in importance at around weaning but 519 continue to account for 15-17% of the phenotypic variance in adult weight. Because there is more 520 power to detect postnatal compared to prenatal maternal effects (Supplementary Table 3) , the 521 finding of more prenatal maternal effects than postnatal effects cannot be attributed to a simple 522 difference in power and is in the direct opposition to the difference in power. Although it may 523 appear surprising that prenatal effects are more persistent than postnatal effects, these results are 524 confidence interval for meQTL12.1. However, the maternal effect of this locus is much stronger 534 when the variance in weight contributed by litter size at birth is removed and the effect is no longer 535 significant when this variation is included in the phenotypes tested. This strongly suggests that the 536 meQTL at this location is unrelated to litter size, and indeed provides strong evidence to the 537 contrary. 538
Perhaps most interesting among the prenatal maternal effect QTL are meQTL1.1 and 539 meQTL9.1, which show little pre-weaning effect but their effect increases in importance through 540 time. For example, by week 6, meQTL1.1 accounts for more than 5% of the phenotypic variance 541 and by week 10 it accounts for 7.8% of the variance. This is a substantially larger proportion of the 542 variance in week 10 body weight than is explained by any single direct effect locus on these same 543 traits in this population (HAGER et al. 2009 ). The pattern seen for meQTL1.1 suggests that prenatal 544 maternal effects may alter the developmental program in a way that is manifested later in life, 545 perhaps through some sort of 'priming' effect (BARKER 1998). This sort of early developmental 546 origin of adult phenotypes has been a major topic in human health and disease (GLUCKMAN et al. on direct effects and even in studies that estimate maternal effects by experimental cross-fostering. 553 This is because cross-fostering is necessarily done at birth, and thus this design cannot account for 554 prenatal effects. 555
Because many prenatal maternal effect loci contribute to variation in adult body weight, they 556 may have accounted for some of the evolutionary divergence of the Large (LG/J) and Small (SM/J) 557 inbred mouse strains. Interestingly, prenatal maternal effects appear to have contributed much more 558 to the divergence of the two lines in adult body weight than postnatal maternal effects (see 559 Supplementary Figure 3) , as measured by the difference between the LL and SS homozygotes (i.e., 560 twice the additive effect), with the net effect of all prenatal maternal effects contributing to over a 561 standard deviation difference in body weight between LL and SS homozygotes by week 4. For 562 example, meQTL1.1 has a large additive effect (more than a third of a standard deviation) on the 563 adult body weight traits that were a target of the origin selection (which was body weight at 60 days 564 of age). Thus this locus may have been a target of the original directional selection regime in one 565 population or the other. In contrast, meQTL7.1 has an additive direct effect, but not a maternal 566 effect, on week 9 body weight (our trait closest to the original age of selection), where the allele 567 derived from the Large strain increases weight compared to the allele from the Small strain (see 568 Table 3 ). As a result, it is possible that the negative maternal effect of meQTL7.1 on pre-weaning 569 body weight may be a correlated response to selection for differences in later life body weight. 570
Of course, the maternal effect loci we have identified must also directly affect variation in 571 some maternal traits that themselves influence offspring trait variation, even if we have not 572 identified these maternal traits in our analysis. That is, we expect maternal effect loci to necessarily 573 have direct effects on maternal traits and indirect effects on offspring traits, with these two 574 pleiotropic effects functionally linked through the influence of the maternal traits on offspring traits 575 (KIRKPATRICK and LANDE 1989) . Although this pleiotropic link between maternal and offspring 576 traits must exist at some level (i.e., maternal effects must ultimately be caused by some feature of 577 the mothers), we know very little about the connection from maternal loci to offspring trait variation 578 through a set of known maternal traits. Overall, we have demonstrated that, by using combined genotype information from parents 592 and offspring, one can statistically disentangle direct and maternal genetic effects. When 593 individuals have been cross-fostered, these maternal genetic effects can be decomposed into those 594 attributable to the genotype of the mother, representing prenatal maternal effects if cross-fostering is 595 done at birth, and those attributable to the nurse, representing postnatal maternal effects. Because 596 maternal effects, and presumably their genetic component, contribute more variation to traits 597 expressed early in life than do direct genetic effects, they are a crucial, but rarely assessed, 598 component of genetic architecture. As a result, our understanding of traits expressed early in life is 599 biased and incomplete. Our approach allows maternal genetic effects to be included in studies of 600 the genetic architecture of traits in both experimental populations, where cross-fostering is used to 601 manipulate maternal-offspring interactions, as well as in natural populations not subjected to 602 experimental intervention. In the latter case, one would use our approach, but variation in offspring 603 traits would be mapped only to the maternal (dam) genome (so there is no separate nurse effect). 604
This approach could be directly integrated into the methods developed for mapping loci in natural 605 populations (SLATE et al. 2010) . Consequently, the approach we have outlined here provides a 606 means through which we can begin to understand the importance of maternal effects in the genetic 607 architecture of complex traits. 
